Introduction
Endotoxin is a lipopolysaccharide (LPS) present in the cell wall of gram-negative bacteria, and an amphipathic substance that has both an anionic region and a hydrophobic region. 1 Cellular products, such as DNA vaccines and proteins, produced by recombinant gene technology, are usually contaminated with LPS. Removal of the LPS from substances used as drugs is very important, since it causes pyrogenic and shock reactions in mammals upon intravenous injection, even in nanogram quantities. 2 Already, various cationic polymer adsorbents, such as polymyxin-immobilized Sepharose 3 (Detoxi-Gel ® , Pierce Chemical) and poly(ε-lysine)-immobilized Cellufine 4 (ETclean ® , Chisso Co. Ltd.), have been used for removing LPS from bio-product solutions. However, it has been reported 5 that these cationic adsorbents cannot selectively remove LPS from acidic substances, such as DNA, because of the high adsorption for both LPS and DNA. It is extremely difficult to separate LPS from a DNA solution only by ion-exchange chromatography, because both the electric charge of LPS and DNA are anionic under a physiological condition (ionic strength (μ) of 0.1 -0.2, neutral pH).
To separate LPS from a DNA solution containing LPS, a new separation system should be established by employing the hydrophobic property of the adsorbent, or its other properties. In the present work, using cyclodextrin (CyD) polymers, the selective adsorption of LPS was investigated to separate LPS from DNA. CyD is a cyclic oligosugar, and its shape is like a short tube. The glucose numbers of α-, β-and γ-CyD are 6, 7 and 8, and their inner diameters are 0.45, 0.70 and 0.85 nm, respectively. 6 The outside of the CyD short tube is hydrophilic and the inside is hydrophobic. LPS is an amphipathic substance having both anionic (phosphate groups) and hydrophobic regions (lipophilic chains from 5 to 7). 7, 8 For the hydrophobic adsorption of LPS, we expected that the cavities of the β-and γ-CyD tube (diameter: 0.70 and 0.85 nm) could include the hydrophobic chains of LPS because the center-to-center distance of the hydrophobic chains is about 0.49 nm 9 ( Fig. 1 ). In this report, using insoluble β-and γ-CyD polymer beads, we describe the effects of the cavity size of CyD and the buffer (pH, ionic strength) on the adsorption of LPS. To develop a DNA-purification system, we compared the chromatographic LPS-separation activity of the CyD polymer beads with that of cationic polymer beads.
Experimental

Reagents and materials
Purified LPS (Escherichia coli UKT-B and O55:B5) and Limulus ES-II test Wako (Limulus amoebocyte lysate) were purchased from Wako Pure Chemical (Osaka, Japan). Purified DNA (from salmon spermary; Mw, 3 × 10 5 ) was purchased from Nacalai Tesque (Kyoto, Japan).
β-CyD, γ-CyD and
The removal of lipopolysaccharide (LPS) from a contaminated DNA solution was achieved using cross-linked cyclodextrin (CyD polymer) beads as LPS adsorbents. The LPS-removing activity of the β-and γ-CyD polymer beads was compared with that of common cationic LPS adsorbents. The γ-CyD polymer beads selectively removed LPS from a DNA solution (50 μg mL -1 , pH 6, ionic strength μ = 0.2) containing natural LPS (15 EU mL -1 ), without the adsorption of DNA. The adsorptions of LPS and DNA were 85% and <1%, respectively. Notes chloromethyloxirane (CMO) were purchased from Wako. Poly(ε-lysine)-immobilized cellulose beads 4 (PL-Cellufine, sold as ETclean-L from Chisso Co. Ltd., Tokyo, Japan) and DEAE-Sepharose CL-6B (GE Healthcare Bio-Sciences Corp., USA) were used as LPS adsorbents. The distilled water (Otsuka Pharmaceiticals Co., Tokyo, Japan) was used as LPS-free water. All other chemicals were of analytical reagent grade.
Preparation of LPS adsorbent
The CyD polymer beads, cross-linked β-or γ-CyD with CMO, were prepared by a suspension cross-linking method, as described previously. 10 β-or γ-CyD polymer beads with a CMO ratio of 60 unit-mol% (in the CyD/CMO suspension) and diameters of 44 to 105 μm were used as adsorbents.
Determination of pore size, amino-group content and cross-linking ratio
The pore size of bead matrices was estimated as molecular mass exclusion (Mlim) using aqueous size exclusion chromatography. The Mlim value was determined as the molecular mass of the polysaccharide by extrapolating the linear part of the curve, as described previously. 4 The amino-group content of the beads was quantified by pH titration and elemental analysis. The cross-linking ratio of the CyD polymer beads was characterized by FT-IR and elemental analysis, as previously reported. 10 
Selective adsorption of LPS on adsorbent
LPS and DNA were used as samples. The sample dissolved in a buffer, which had an adjusted pH and ionic strength. As buffers, 0.02 M sodium acetate (pH 4, 5), 0.02 M phosphate (pH 6, 7, 8), and 0.02 M Tris (pH 9) were used. The ionic strength (μ) of the buffer was adjusted by changing the sodium chloride concentration. The ionic strength (μ) is a function of the concentration of all ions present in the buffer. 11 The adsorption of LPS on the adsorbent was determined by the following batch method. In 2 mL of a sample solution, 0.1 mL of adsorbent was suspended. The suspension was shaken for 1 h at 4 C, and then filtered through a 0.8-μm cellulose acetate filter (Advantec Toyo, Japan) to separate the adsorbent from the suspension. The residual concentration of LPS and the recovery of DNA in the filtrate were investigated.
LPS and DNA assays
The LPS concentration in sample solutions was determined by a Limulus test involving a turbidimetric time assay 12 using Limulus ES-II test Wako (Limulus amebocyte lysate). The DNA concentration was determined by fluorometric analysis 13 using a spectrofluorophotometer FP-6500 (JASCO, Japan) with the fluorescent dye 4′,6-diamidino-2-phenylindole dihydrochloride hydrate (Nacalai).
Results and Discussion
The chromatographic properties of various polymer adsorbents are given in Table 1 . To compare the adsorption behavior for LPS of adsorbents listed in Table 1 , the effect of the buffer's pH on the LPS-adsorbing activity of β-or γ-CyD polymer beads was compared with that of cationic polymer beads under conditions of low ionic strength (μ = 0.05); the results are shown in Fig. 2 . The adsorption of LPS (Escherichia coli O55:B5) was determined by a batch method. PL-Cellufine (commercial LPS adsorbent) showed the greatest LPS-adsorbing activity (>99%; <0.056 EU mL -1 ) over a wide range of pH from 5 to 8. DEAE-Sepharose (ion-exchanger) showed high adsorbing activity (>99%) only at pH 7.0. In contrast, γ-CyD polymer beads showed a high adsorption of LPS at low pH values of 4 -6. When the pH decreased from 9 to 6, the LPS adsorption of γ-CyD polymer beads increased from 8 to 77%. At all pH values, the LPS adsorption of the γ-CyD polymer was higher than that of the β-CyD polymer. Figure 3 shows the effect of the buffer's ionic strength on the selective adsorption of LPS from a DNA solution containing LPS by various adsorbents. The DNA solution (50 μg mL -1 ), which was naturally contaminated with LPS (15 EU mL -1 ), was used as a sample at pH 6.0 and μ = 0.05 -0.8. When ) was diluted with LPS-free water, the LPS concentration in the DNA solution (50 μg mL -1 ) was 15 EU mL -1 . The LPS was not purified LPS, but natural LPS (original strain is unknown). The selective adsorption of LPS was determined by a batch method similar to the LPS-binding assay. As shown in Fig. 3a , the γ-CyD polymer beads selectively adsorbed LPS (77 -88%) without the adsorption of DNA (<1%) over a wide range of ionic strengths (μ) from 0.05 to 0.8. Although the β-CyD polymer beads had the same characteristics, their LPS-adsorbing activity was lower than that of the γ-CyD polymer beads (data not shown). PL-Cellufine had the highest LPS-adsorbing activity (>99%; <0.056 EU mL -1 ) at μ = 0.05 to 0.4. However, it adsorbed not only LPS, but also DNA at all ionic strengths tested (Fig. 3b) . DEAE-Sepharose had high adsorption activities for both LPS and DNA at a low ionic strength, μ = 0.05, and the adsorption activities significantly decreased with increasing ionic strength (Fig. 3c) . Therefore, PL-Cellufine and DEAESepharose could not selectively adsorb LPS at any ionic strength.
We previously reported 4,5 that the high adsorption activity of PL-Cellufine for LPS is due to simultaneous effects of their cationic and hydrophobic or other properties. PL-Cellufine (anion-exchange capacity (AEC): 0.4 meq g -1 ) and DEAESepharose (AEC: 0.1 meq g -1 ), being cationic in nature, can adsorb LPS and DNA mainly by ionic interactions at a low ionic strength because the charges of LPS (pK1 = 1.3, pK2 = 8.2) 13 and DNA (pK1 < 2.1) are anionic at neutral pH. As shown in Fig. 3c , the adsorptions of LPS and DNA by an anion exchanger, such as DEAE-Sepharose, were extremely dependent on the ionic strength. This finding suggests that the adsorptions took place primarily by ionic interactions. However, LPS adsorption by the β-or γ-CyD polymers was strongly dependent on the pH (Fig. 2) , not the ionic strength (Fig. 3a) . The dissociation amount of the phosphoric acid residues of LPS decreased with a decrease in the buffer's pH, and as much as the electric charge content of LPS decreased, the hydrophobicity of LPS increased. The LPS adsorption increased from 8 to 77% with a decrease in the pH from 8 to 6, or lower. These findings suggest the participation of hydrophobic binding between the CyD polymers and LPS.
Hou et al. 14 previously reported that a hydrophobic bond was formed between LPS and the polymeric affinity matrix. It is possible that the hydrophobic chains (the center-to-center distance 0.49 nm) 9 of the LPS monomer are included into the cavities (diameter 0.70 and 0.85 nm, respectively) of β-and γ-CyD polymers beads (Fig. 1) . As shown in Fig. 2 , the LPS-adsorbing activity of the γ-CyD polymer with the larger cavity size is always higher than that of the β-CyD polymer with the smaller cavity size at all pH values. Only the inside of the CyD cavity has a hydrophobic property. These findings suggest that a hydrophobic bond is formed between hydrophobic chains of LPS and inside of the CyD cavity. The high LPS selectivity of the γ-CyD polymer beads, as shown in Fig. 3a , are also due to the size-exclusion effects on DNA molecules with a large molecular weight of 3 × 10 5 Da. As a result, it was found that the γ-CyD polymer beads can selectively adsorb natural LPS (adsorption 85%, residual concentration of LPS: 2.2 EU mL -1 ) without the adsorption of DNA under physiological conditions (pH 6 and μ = 0.2). For the selective adsorption of LPS from a DNA solution, we also found that it was necessary not only to select the adsorbent, but also to adjust the buffer's conditions (pH, ionic strength).
We previously reported that commercial proteins (analytical reagent) were naturally contaminated with LPS; the LPS concentrations in the protein solutions (1000 μg mL -1 ) were less than 400 EU mL -1 (15 to 320 EU mL -1 ) when the proteins were diluted with LPS-free water. 4 It is assumed that the concentration of natural LPS in a bulk solution of DNA vaccine (as 50 μg mL -1 ) is less than 20 EU mL -1 . It is essential to eliminate LPS to at least a concentration lower than 1 EU mL -1 (100 pg mL -1 ) from fluids used for intravenous injection, as not to do so elicits pyrogenic and shock reactions in mammals. 4, 5 The present results indicate that the adsorption method using γ-CyD polymer beads can be used to reduce LPS contamination of crude DNA vaccine materials. This batch method showed a good recovery of DNA (recovery >99%), but the LPS-removing activity of the beads (residual concentration of LPS: 2.2 EU mL -1 at pH 6 and μ = 0.2) was insufficient when compared with common cationic beads. The effectiveness of γ-CyD polymer beads as an LPS absorbent drastically increased when a very small amount of amino groups was immobilized to the surface of the γ-CyD polymer. This adsorption assay is currently being incorporated into a column chromatography process, and is being tested for the removal of natural LPS from DNA samples, such as plasmid DNA. This data will be described elsewhere.
